The present work is a fundamental study of reduction in mixtures of iron ore concentrate and pulverized coal by indirect heating. Cylindrical steel crucibles, 118 mm i.d. and 1 50 mm height, with full-load of mixtures were placed in a muffle furnace which was contro[led to be at a constant temperature of 1 200"C for predetermined times of reaction, The profile of temperature and degree of reduction, and distribution of residual carbon were measuredby embedded tiny thermocouples during the course of reaction and sampling and chemical analysis of reacted solids. It has been found that reducing gas generated in higher temperature regions by devolatilization and Boudouard reaction plays a role in convective heat transfer and indirect reduction for benefits of interior regions. The likely rate-controlling step of the overall reaction is considered to be heat transfer.
Introduction
The study of reactions in a mixure of iron ore concentrate and pulverized coal by indirect heating is not only of industrial significance for the development of new ironmaking processes for lower carbon rate, the potential of easier environmental control and lower capital investment, but also of considerable theoretical interest for the study of coupling of chemical reactions andheat and mass transfer steps in aporous medium. I~3 ) Authors who studied the kinetics of reduction of iron oxides by carbonaceous solids3'~18) have recognized the importance of the endothermic reaction of gasification of carbon by gaseous products of reduction. However, data reported in these works are qualitative in nature particularly with respect to heat transfer. In some cases explanation of experimental data was based on the assumption that the system is isothermal.4,7~9, 12, 15, 16) In the present work, the specimens are much larger so that the temperature profile within the reacting mixture may be directly measured.
Comparingwith conventional studies of the reduction of iron ore pellets in a flowing reducing gas, the present work is different in following ways:
l)
The presence of endothermic reactions of devolatilization of coal and gasification of carbon by C02 and H20; 2) Very large specific surface area of ore and coal particles which are separated by a distance in microns; 3) Indirect heating through the wall of containers of the mixture.
Because of these major differences, the mixture of ore and coal would behave very differently.
The nonisothermal and non-isobaric nature of the system can be quantitatively investigated.
2. Experiment 2.1.
Raw Materials
The chemical analysis and particle sizes of the raw materials used in the experiment are given in Tables 1 Table 1 Schematic diagram of the experimental apparatus.
(1) Iron ore/coal mixture, (2) Stainless steel crucible,
(3) Thermocouplesof 0.5mm, (4) A-A cross-section for measurement and sampling, (5) Ceramic tube, (6) High ram-cast mix refractory, (7) Steel cover plate with holes of 3 mm dia., (8) lO, 20, 30, 40, 50 and 60 min. During the course of reaction, readings of the thermocouples were recorded every minute from tirne zero. Chromel/alumel thermocouples were used and the accuracy of temperature measurement is within +0.4 olo in the temperature range of this study. At the end of an experiment, the crucible was quickly removedfrom the furnace to a container under nitrogen atmospherecooled indirectly by a copper coil with running water. AA cross-section for measurement and sampling.
Crucibles with reacted

Width of regions: 7mm
Diameter of thermocouple tip: 0.5 mm Diameter of drill bit for sampling: 2.4mm 3.
Results
I. The In-situ Temperature Measurement
The set of continuous measurements of temperature, with furnace temperature kept at 1 200'C by thermocouples located at six radial distances ( o reactions in the interior regions would be anticipated based on the time delay in temperature changes. The curves of regional temperature, i.e. the mean value of thermocouple readings at boundaries of each region, are shown in Fig. 5 . The regional temperature will be used to relate to kinetics chemical reactions in different regions.
3.2.
The Degree of Reduction Based on chemical analysis of reacted solids, the progress of reaction in terms of regional degree of reduction of iron ore, R (olo), in the mixture, (in terms of percentage of the removal of combined oxygen initially present in iron oxides), are given in Fig. 6 . Profiles of degree of reduction at different times are shown in Fig.  7 . All regions are of same thickness but of different cross sectional area and volume (shown in Fig. 2 ). The degree of reduction of the mixture in the whole system should be the weighted average of regional degrees of reduction, see in Fig. 8 . It should be pointed out that the outer regions which closer to heat source, contribute heavily to the overall value dueto both earlier reaction and larger volume.
The negative values of reduction degree in regions 4 and 5 shown in Fig. 6 is based on chemical analysis that Fe304has been oxidized to Fe203. 1 057 The average degree ofreduction in the wholesystem.
In regions 3, 4 and 5, reduction of iron ore appears to start at very low temperature, this may be due to an experimental error. At the termination of experiment, due to the size of the reactor, the mixture in the reactor could not be cooled down fast enoughto stop all chemical reaction immediately. Onewould anticipate that cooling as well as homogenization thermally throughout the C 1993 ISIJ reacted solid mass would take place in the cooler. This error is most significant in lowest temperature region for shortest reaction time. Under these conditions, the actual temperature reached and reaction time are likely to be higher than values reported here, 3.3.
The Degree of Carbon Reacted
From chemical analysis for the residual carbon in reacted solids, the degree of total carbon reacted CR (olo), defined by percentage of total carbon in coal initially in the mixture, is shown in Fig. 9 . The figure showsthat more carbon reacted in the outer regions where temperature and degree of reduction are higher. 
from reactions (3) and (4) 
In the present study, the starting materials are solids but all importance reactions are gas/solid reactions. Reaction (1) starts in the temperature range from about 300 to 500'C. Products of reaction (1) initiate reactions (2) and (3) and provides carbon for reactions (4) and (5) . The strongly endothermic reactions (4) and (5) begin only at a highr temperature depending on the reactivity of char. Reaction (.6), often called direct reduction, is the combination of Reactions (3) and (4) lO . Similar comparisonbetween regional temprature attained and degree of reduction are shown in Fig. II . In these figures, it is clear that for same degree of reduction reached less carbon is consumedat lower temperature in interior regions. As example, one case is shown numerically in Table 3 . The obvious explanation for data shown in Fig, 10 is that reactions (4) and (5) are operative in hotter regions but much less intensive in the interior colder regions. Therefore it implies that, reducing gas generated by reactions (4) and (5) in outer regions moves inwards to carry out reactions (2) and (3) . The very important consequence is that endothermic reactions take place preferably near the heat source, i.e. Iower resistance for heat transfer. Figure 12 shows adequate local supply of reductants in all regions at all time, even that the role of hydrogen is ignored in Fig. 12 Regional temperature vs, degree of reduction in different regions. products of reactions (4) and (5) in a higher temperature region do flow to a adjacent region of lower temperature.
In reactions (4) and (5) there is a net increase in number of moles of gases. It is potentially the cause of pressure development, which drives the gas flow along the temperature gradient.
The cause of pressure development will be illustrated by calculation of equilibrium state of reaction (6) in which the only gas is carbon monoxide. Underconstant volume condition and that no gaseous products may be removed, with adequate supply of solid reactants, the continuation of reaction (6) will raise the gaseous pressure until the equilibrium value. Based on data in literature, 19) the equilibrium pressure of CO for reaction (6) as a function of temperature has been calculated and shown in Fig. 1 059 13 . It provides a theoretical basis to suggest that the continuation of reactions in reduction of iron oxide and gasification of carbon would lead to pressure development. Themagnitude of pressure gradient that could bm aintained, depends on local temperature gradient and permeability for gas flow. Thethermal benefits for inner regions from this phenomenon are two folds. The shift of some of thermal load due to endothermic reactions from interior to the surface region where it is closer to heat source. It is very important if the overall reaction is limited by heat supply. The another factor is that the convective heat transfer, because of the flow of hot reducing gas, may be significant in the overall heat transfer in this reacting porous medium. Variations of amount and composition of gas along its path from high temperature and high pressure region to the interior is expected due to chemical reactions. The pre-reduction of iron ore in interior regions by gases originated from higher temperature regions, before gasification of carbon locally to commence, is the main reason for less carbon reacted for same degree of reduction, as shown in Fig. 10 Figures 11 and 14 show the dependenceof the extend of reactions on regional temperature attained. In Fig. 14 the degree of carbon reacted increases essentially linearly with maximum temperature attained.
Rate-controlling Steps in the System
The intensity of heat supply to the system may be judged to certain extent by the temperature difference between furnace temperature and that measured by thermocouple #1 (see Fig. 15 ). It is the driving force for heat conduction across the crucible wall. Even taking into consideration that at higher temperature radiative C 1993 ISIJ mechanism may becomegradually more important, one would agree that the heat flux across the crucible wall decreases considerably with the increase of reaction time.
On the other hand, the result shown in Fig. 8 suggests that the progress of reduction for the whole system more or less linear with respect to time. The difference may be reactions, particuarly devolatilization, are intensified by readily availab]e high temperature heat and gradually internal conductive resistance for heat transfer limits the overall fiux but under these conditions heat is more efficiently used by convection. It is also due to that not ail C02 and H20 generated in reduction in colder regions wil] result in gasification of carbon which is strongly endothermic.
Data obtained in the present work suggest that the kinetics in our system is limited by heat transfer. It is based on the existence of temprature gradients, and the fact that chemical reactions are thermally activated and that carbon gasification is strongly endothermic. We recognize that the coupling between those physical and chemical steps in the system are very complex. It is the subject of the accompanying paper20) in which a mathematical model has been developed to study the mechanisms in the present system. It is concluded that the overall kinetics of the system, under conditions studied in the present work, is likely to be controlled by the rate of heat transfer.
4.4.
Microscopic Examination
The course of reduction of iron oxides in ore and ga.sification of carbon in coal was investigated by Iron (shiny white), magnetite (dark grey) and wustite (light grey) coexist at initial reduction and the nucleation of iron on the edge of ore particles was close to the gas paths (black shade).
(b)
Significant increase of iron (shiny white) on wustite (light grey) bases where close to gas paths (black shade) and a few of residual magnetite (dark grey).
(c)
Reduction ofiron oxides was partly and disorderly developing on the basis of non-topochemistry. specimens. It is revealed that individual iron ore particle was not reduced topochemically. With respect to microscopic pattern, there is no layers of solids from the wall of crucible to the core that contains only certain type of iron oxides. It is to say that, metallic iron, wustite and magnetite coexist within a wider range of location and temperature. It varies only in the relative amounts of iron-containing phases. In Fig. 16 four photomicrographs are shownto indicate the progress of reactions. The conditions of the above four photo cases are listed in Table 4 .
Non-topochemical pattern of reduction is obviously due to difficulties in the nucleation of new solid phases.
It has been reported that nucleation and growth of metallic iron could be found at the temperature as low as about 500'C. 21, 22) 5.
Conclusion
(1) Gases, which are generated in chemical reactions, play an important role in convective mass and heat transfer during reduction. (2) For sarne degree of reduction, Iess carbon is consumed in inner regions (away from heat source) due to indirect reduction by gaseous reductants from outer regions (close to heat source). (3) For same degree of reduction, Iower temperature is required in interior regions because of higher extent of indirect reduction and convective heat transfer. 33 (1993) , No. 10 (4) Reduction does not follow topochemical pattern in individual grains. Metallic iron, forming at a low temperature regions, coexists with magnetite andwustite. (5) In this complex non-isothermal reaction system, based on temperature profiles observed and mathematical analysis, 20) heat transfer in the mixture appears to be the rate-1imiting step.
